In normal dogs, brain (cerebral cortex) pHi was 7.05, and after 1 h of hypercapnia (arterial pH = 7.07) it fell to 6.93. However, after 3 h with arterial Pco2 maintained at 85 mmHg brain pHi was normal (7.06), and during this time brain bicarbonate had risen from 11.3 to 24.4 meq/kg H,O. These changes were not prevented by intravenous doses of acetazolamide.
When arterial Pco2 was maintained at 114 mmHg (arterial pH = 6.89) for 3 h, brain pHi (6.94) remained significantly less than normal. After 1 h of hypocapnia (arterial pH = 7.52), brain pHi increased from 7.05 to 7.23; but after 2 or 4 h, brain pHi had returned to normal. The return of brain pHi to normal was accompanied by a fall in brain of both bicarbonate (from 11.3 to 6.9 meq/kg H,O) and ECS (from 21.9 to 11.3%) and a rise in lactate (from 2.5 to'7.6 mmol/kg H,O). It is concluded that changes in brain pHi can be evaluated by the methods described. When arterial Pco2 is varied between 15 and 85 mmHg the brain undergoes compensatory changes which return pHi to normal within 3 h, although at arterial Pco2 of 114 mmHg, such compensation is incomplete. brain lactate; cerebrospinal fluid pH; brain bicarbonate; DMO RAPID CHANGES induced in the pH of blood and/or cerebrospinal fluid (CSF) during treatment of uremia, diabetic ketoacidosis, or respiratory failure may be associated with worsening of coma, seizures, and respiratory depression (7, 18, 31, 36) . Chronic alterations in systemic acid-base balance may also be associated with mental and other neurological symptoms (31) . It is, therefore, possible that changes in intracellular pH (pHi) of brain might in some manner contribute to the central nervous system manifestations that may accompany acidosis or alkalosis.
The evaluation of changes in brain pHi and the understanding of the metabolic events that occur in the brain during acidosis and alkalosis depend on the availability of reliable and reproduci ble method for the determination of brai n pHi. Several inv .estigators h ave utilized the distribution in brain of weak acids (CO, or dimethadione (DMO)) to measure brain pHi (17, 34) . In these studies, it has been necessary to make certain assumptions about the distribution of the weak acid in CSF, the pH of CSF, and the size of the extracellular space (ECS) of brain. Although such assumptions may be true in a steady state, they may not hold in conditions associated with rapid changes in systemic acid-base parameters. Furthermore, 'in many studies of brain pHi, mixed brain tissue was used for analysis (17, 19, 34) . The brain is certainly a heterogeneous organ and it is likely that there are regional differences in its pHi (11). Several investigators have estimated the DMO concentration in CSF based on the plasma DMO concentration (17, 34). While there may be a constant relationship between plasma and CSF concentrations of several substances (urea, glucose) under steady-state conditions, such a relationship may not be valid for many substances (such as DMO) when they are administered parenterally (27) . The present study was undertaken to evaluate the metabolic adaptations of the brain to acute respiratory acid-base disturbances.
To study such changes, we first developed a method for the measurement of changes in brain pHi during acute changes in systemic acid-base parameters.
METHODS
Because of the greater ease in measurement of 14C-labeled DMO than CO, in tissue, it was elected to measure brain pHi by determining the distribution of 14C-labeled DMO. The extracellular space of cerebral cortex was determined by utilization of the distribution of 35S04= in brain gray matter relative to cortical CSF. To overcome the sink action of CSF, the isotopes ([ 14C]DM0, ""SO,=) were injected simultaneously, both intravenously and into the cisterna magna, to achieve approximately equal activity for both isotopes in plasma and cortical CSF. It has previously been shown that only 0.4 mm depth of the gray matter of cerebral cortex is in equilibrium with CSF (21 (New England Nuclear, sp act, 7.5 mCi/ mmol). The ""S04' was dissolved in "cold" 100 mM Na,SO, as carrier, at a concentration of 50 &i/ml. The [14C]DM0 was dissolved in 0.4 M (52 mg/ml) cold DMO as carrier, at a concentration of 25 &i/ml. Immediately after intravenous injection of these isotopes, a 23-gauge needle attached to polyethylene tubing was inserted into the cisterna magna. A total of 1.5 ml of cisternal CSF was obtained anaerobically with a gas-tight syringe (Hamilton 1001 LT) attached to a three-way stopcock. Then Na,""SO,, 2.5 @X/kg, and [14C]DM0, 0.1 &i/kg, were injected into the cisterna magna. In preliminary experiments it was found that injections of the aforementioned quantities of isotope resulted in approximately equal activity of both substances in plasma and cortical CSF after a 3-h equilibration period. For all studies, 3 h were allowed for equilibration after injection of isotopes.
Studies were carried out in nine groups of animals as follows: 1) eight normal animals; 2) five animals whose arterial PcoZ was maintained at about 85 mmHg for 1 h; 3) five animals whose arterial Pco2 was maintained at about 85 mmHg for 3 h; 4) five animals that were given intravenous acetazolamide (Diamox) 100 mg/kg per h and were then treated as group 2; 5) five animals that were treated as group 3, but in addition, were given intravenous acetazolamide, 100 mg/kg, both initially and after 2 h of hypercapnia; 6) four animals whose arterial Pco2 was maintained at 114 mmHg for 3 h; 7) animals whose arterial PcoZ was adjusted to about 15 mmHg for either 1 h (group 7, five animals), 2 h (group 8, five animals) or 4 h (group 9, six animals).
Hypercapnia was induced in groups 2-6 by having animals breathe a mixture of 10% CO, + 20% 0, + 70% Nz, which was delivered from the tank through the Harvard respirator.
A side vent of polyethylene tubing was attached to the respirator tubing and was partially occluded with a pinch clamp. The pinch clamp was adjusted to admit room air so that arterial PcoZ was maintained at either 85 mmHg (groups 2-5) or 114 mmHg (group 6).
To assess the possible effects of intracellular binding of DMO in four of the eight control animals, we administered [14C]DM0 in 154 mM NaCl rather than in 0.4 M cold DMO.
A sample of arterial blood was obtained 20 min prior to the conclusion of each experiment; then a 2-to 3-g muscle biopsy (vastus lateralis) was obtained, and this was followed by another arterial blood specimen. All visible fat and fascia were removed from the muscle sample, which was then immersed in liquid nitrogen.
Burr holes were then made on each side of the skull with a trephine.
The dura mater was elevated with a dural hook, and a 23-gauge needle attached to polyethylene tubing was inserted under the dura. Samples of cortical CSF (0.2-0.4 ml) were obtained from each side of the brain. The dura was then removed with a fine forceps and dural scissors. One-half of one cerebral hemisphere was removed with a scalpel and spatula, and quickly (less than 5 s) immersed in liquid nitrogen. This tissue was used for determination of lactate. The remaining one and one-half cerebral hemispheres were quickly removed and blotted on filter paper. The pia mater was carefully removed from one hemisphere, and slices of 0.4 mm thickness were made of both the outer layer of the cerebral cortex and of the subcortical white matter at a depth 0.8-1.2 mm below the cerebral cortex. The O&mm slices of both the gray and white matter were made with a special tissue slicer previously described (21), and the average weight per slice was about 0.10 g. These samples were placed in tared homogenizer tubes, weighed to the nearest 0.1 mg, and homogenized with a glass pestle in 1 .O ml of 185 mM trichloroacetic acid. After the samples were centrifuged for 45 min, the supernatants were used for the measurement of both 35S04= and [ 14C]DM0 activities.
In the remaining one-half cerebral hemisphere, the white and gray matter were separated with blunt dissection. Three samples of each white and gray matter were placed in tared weighing flasks The samples, each about 0.4 g, were weighed to the nearest 0.1 mg, dried for 48 h at 105"C, and reweighed for the determination of water content (4).
The skeletal muscle sample was pulverized while under liquid nitrogen. Triplicate samples, each about 0.5 g, were weighed in tared flasks, dried for 48 h at 105°C to constant weight, and reweighed for the determination of water content. Three additional samples, each about 0.4 g, were extracted in 1.8 ml of 185 mM trichloroacetic acid, and the supernatants were used to determine 35S04= and [ 14C]DM0 activities (9 ECS is the extracellular space, measured as the ""SO,= space relative to either cortical CSF (in cerebral cortex) or plasma dialysate (in muscle or white matter). The pK, for DMO is 6.13, and pH, = extracellular pH, i.e., the pH of arterial blood or cisternal CSF.
The pH, PcoZ, and PO, in both arterial blood and cisternal CSF were measured on a Radiometer-copenhagen BMS 3-PHM 71 blood microsystem acid-base analyzer under anaerobic conditions at 37OC. Before measuring pH and Pcop in CSF; the electrode chamber was flushed with 0.6 ml of CSF. At least three consecutive readings were then made of pH and PcoZ, each using 0.25 ml of CSF. By using a CSF volume of at least 0.25 ml in an electrode chamber of 0.10 ml volume, the "memory effect," which can interfere with measurement of PcoZ in CSF when CSF volume is small, was eliminated (30) . Repeated readings were taken until consecutive values for PcoB were within 0.5 mmHg -there was usually no change after the first reading. The calibrating gases were 5%, 8%, and 12% COZ, and the machine was calibrated prior to each reading with the gas nearest the expected value for PcoZ. Arterial bicarbonate was calculated from the Siggaard-Andersen alignment nomogram (1962), while CSF bicarbonate was derived from tables computed by Mitchell., Herbert, and Carman (25). The Pco2 of cisternal CSF was assumed to be the same as that of the cerebral cortex (30), while mixedvenous Pco2 was assumed to represent that of skeletal muscle (26) and white matter (21).
The radioactivities from [14C]DM0 and ""S04' were separated by counting the total radioactivity in either CSF, deproteinized plasma, or tissue (brain or muscle) extract, which was followed by precipitating the 35S04= with an excess BaCl, (5). The residue was then counted and this gave the [14C]DM0 activity. The complete analytical method has previously been described (5). The ECS of skeletal muscle was calculated as the ""SO,= distribution relative to plasma dialysate (9). The bicarbonate concentration in cerebral cortex was calculated from measurements of Pco2 in cisternal CSF and gray matter pHi with use of the relationships de-
The cerebral cortex intracellular buffering capacity was calculated as the ratio Alog PCo,/ApHi 9 as described by Kjallquist, Nardini, and Siesjo (19).
RESULTS
In normal dogs that had arterial pH values of 7.35 and PcoZ (*SE) of 35 -+ 1 mmHg, the intracellular pH of the cerebral cortex (Table 1 ) was 7.05 (89.5 t 3.1 nM H+). In the four animals that received only trace amounts of [14C]DM0, pHi was 7.06 (87.6 t 7.4 nM H+), while in the four animals receiving
[14C]DM0 in 0.4 M cold DMO, pHi was 7.04 (90.8 t 2.2 nM H+) (P > .l). The pHi in white matter (Table 2 ) was 6.97 (106 t 5.8 nM H+). The pH of CSF was 7.31 (52.2 t 1.5 nM H+), and its bicarbonate concentration (20.4 t 0.5 mM) was not different from that in blood (20.0 t 0.9 mM). The pHi of skeletal muscle was 6.87 (134 t 4.1 nM H+). (Fig. l) , there was a significant (P < .Ol) rise in blood pH to 7.54 (29.4 t 2.0 nM H+), despite a decline in blood bicarbonate to 11.8 t 0.3 mM (P < .Ol). There was a corresponding rise in pH of CSF to 7.51 (31.3 t 1.9 nM H+), with a fall in CSF bicarbonate to 17.4 t 1.1 mM. At this time there was a small increase of pHi in skeletal muscle to 6.97 (107 t 13 nM H+) (P < 0.05) with larger increases in pHi of both brain cortical gray matter (7.23; 59.5 t 4.5 nM H+) (P < .Ol), and white matter (7.11; 77.5 t 4.7 nM H+) (P < .Ol).
The fall in bicarbonate in blood and CSF was accompanied by slight increases in lactate, from 1.1 t 0.2 to 3.0 t 0.4 mM in plasma and from 2.1 t 0.1 to 2.9 t 0.2 mM in CSF. Brain lactate increased significantly from 2.5 t 0.4 to 5.8 t 0.5 mmol/kg H,O (P < .Ol), and there was a modest fall (P < .Ol) in brain bicarbonate (from 11.3 t 0.4 to 9.6 _ + 0.5 mmol/kg H,O) (Fig. 2) .
The intracellular-to-extracellular ratio of DMO in cerebral cortex fell from 0.651 t 0.016 to 0.531 t 0.005 (P < .OOl), and in white matter it fell from 0.496 t 0.032 to 0.410 t 0.022 (P < .05), indicating that DMO moved out of brain cells in response to alkalosis. Buffering capacity in the cerebral cortex was 1.97, and ECS (9.5 t 1.5%) was significantly less than normal. After 1 h of respiratory acidosis, the arterial pH (7.07; 85.4 t 5.3 nM H+) was significantly less (P < .Ol) than normal, and the pH of CSF (7.06; 87.0 t 3.0 nM H+) was similar to that of blood (Tables 1 and 2 ).
The pHi of brain was significantly (P < .Ol) less than normal in both gray matter (6.93; 117 t 6.7 nM H+) and white matter (6.84; 144 t 10 nM H+). There was no important change in the brain ECS or lactate concentration. The DMO I/E ratio was significantly greater than normal in gray matter (0.780 t 0.14; P < .OOl) and white matter (0.655 t 0.67; P < ,OOl), indicating a net movement of DMO into brain cells as a result of the acidosis. The buffering capacity of the cerebral cortex was 2.42. In skeletal muscle, pH also fell, to 6.53 (298 t 30 nM-H+), and the magnitude of fall was greater than that in brain (Fig. 3) . Muscle bicarbonate concentration (6.9 t 0.9 mmol/kg H,O) did not change (Fig. 3) .
After 3 h of respiratory acidosis, there was no significant change in pH, bicarbonate, lactate, or PO, in either CSF or arterial blood when compared to values at 1 h. The muscle pHi (6.56; 275 t 65 nM H+) and bicarbonate concentration (7.1 t 0.9 mmol/kg H,O) were also unaltered from the values at 1 h (Fig. 3) . In contrast, in the brain the pHi was not different from normal values (Tables 1 and 2 ) in either cerebral cortex (7.06; 87.5 t 16.0 nM H+) or the subcortical white matter (6.90; 126 t 23 nM H+). The return of the brain pHi to normal was accompanied by significant increments in calculated brain bicarbonate concentration (Fig. 3) . In cerebral cortex, the brain bicarbonate was 24.4 t 1.7 mmol/kg H,O (normal value: 11.3 t 0.4 mmol/kg H,O), and in white matter the bicarbonate was 16.6 t 2.3 mmol/kg H,O (normal 7.8 t 0.4 mmol/kg H,O). The brain lactate (3.0 t 0.3 mmol/kg H,O) was not different from normal. The DMO I/E ratio was 0.843 t 0.042 in cerebral cortex and 0.797 t 0.093 in white matter, indicating a net movement of DMO into cells in response to the change in extracellular pH. In four animals whose arterial Pco9 was maintained at 114 _ + 13 mmHg for 3 h, arterial pH was 6.89 (128 t 16 nM H+). The pHi of cerebral cortex was 6.94 (116 t 8 nM H+), a value significantly less than normal (P < .005). The bicarbonate in cerebral cortex was 25.7 t 1.5 mmol/kg HzO, and the DMO I/E ratio was 0.978 t 0.100. In CSF, the pH was 7.00 (100 t 8 nM H+), the PcoZ was 114 t 10 mmHg, and bicarbonate concentration was 26.4 t 1.7 mM. The buffer capacity of the cerebral cortex was 3.94.
After 3 h of acidosis, activity in plasma of 3sS04= was 25,576 t 1595 cpmlg (five dogs, mean t SE), while that for [14C]DM0 was 5,051 -+ 820 cpm/g. During the 3 h of acidosis, these values did not vary by more than 1.4%.
Respiratory acidosis and acetazolamide.
After 1 h of respiratory acidosis, in animals pretreated with acetazolamide (Diamox) (Tables 1 and 2) arterial Pco9 was 92 + 3 mmHg and the brain pHi was 6.88 (133 t 10.1 nM -H+), a value less than, but not significantly different from the value observed in animals that did not receive Diamox.
The bicarbonate concentration in CSF was lower in animals treated with Diamox. The pHi values of brain white matter and skeletal muscle were not different in animals that received Diamox compared with those that did not. In cerebral cortex the buffering capacity was 1.86, which was less than the capacity observed in animal .s that did not receive Diamox.
After 3 h of respiratory acidosis, brain pHi and bicarbonate in the Diamox-treated animals were not different from those in the untreated group. Bicarbonate concentration in CSF (22.6 t 0.4 mM) was significantly less (P < .05) than that of the untreated animals (25.7 t 1.2 mM). In all animals with hypercapnia the Pco2 in CSF was similar to that in arterial blood (Tables 1 and  2 ). In hypercapnic animals pretreated with Diamox, the arterial PCO~ after either 1 or 3 h of hypercapnia was slightly greater than Pco2 in CSF. DMO in brain.
In all animals evaluated, a comparison was made of the DMO I/E ratio with either the H+ ion concentration in cisternal CSF or the I/E ratio for H+ ion (brain intracellular
[H+]/CSF [H+]). The correlation coefficient (r) and significance of the correlation (P) were determined by standard statistical methods. When the I/E ratio for DMO was compared with the H+ ion concentration in CSF (Fig. 4) , the correlation was highly significant (r = 0.88, t = 12.1, P < .OOl). When the DMO I/E ratio was compared with the H+ I/E ratio, the correlation was even more significant (r = 0.96, P < .OOl, t = 22.2).
DISCUSSION
The data show that acute changes in brain pHi can be evaluated by the methods described. Because of shifts in the dissociation curve for CO, in brain, brain buffering capacity increases during hypercapnia and decreases during hypocapnia (15). Since this is so and also because of various other compensatory mechanisms, when arterial Pco2 is varied over the range of 14-87 mmHg the brain undergoes changes which enable it to reestablish a normal pHi within 3 h.
Several investigators have measured brain pHi by determining the distribution of DMO in brain (17, 34). In these studies, the authors utilized several approaches that may cause errors in the measurement of brain pHi. First, the pH of brain extracellular fluid has often been estimated from blood pH rather than from pH of CSF. In normal animals in a steady state, there usually is a reasonably constant relationship between pH of CSF and that of arterial blood (13). However, during either acute or chronic disturbances of systemic acid-base balance, a constant relationship does not appear necessarily to be present (7, 13,31). Thus one cannot consistently estimate pH of CSF based on pH of arterial blood. Second, the brain ECS has usually been estimated, or calculated, relative to plasma rather than CSF. The "sink action" of CSF is a mechanism whereby many substances which when administered intravenously will enter the brain and then diffuse into CSF (27) and thus may not reach a steady-state level in brain. In particular, when one administers an extracellular marker intravenously, a steady-state level of the substance may not be achieved unless the substance is also simultaneously administered in the CSF (21). This phenomenon has particular significance in the measurement of brain ECS and probably explains why some estimates of brain ECS are so small (i.e., 2-10% There has of error in the measurement of brain ECS is the probable existence of at least two different spaces accessible to extracellular markers, i.e., either via,the CSF or via the bloodstream (21). Thus for the determination of brain ECS by use of chemical markers, the substance must be administered simultaneously in both CSF and blood. When brain ECS is calculated by this method, in which any of several different chemical markers may be employed, the brain ECS (cerebral cortex) in normal animals is about 20% (14). Similar values are obtained when brain ECS is determined by measurement of cortical impedance (14). In the present study ECS of brain in normal animals was 22.1 _ + 1.2%, and a significant fall was observed in animals with respiratory alkalosis (Table 1).
Third, brain intracellular pH was calculated relative to DMO concentration of plasma on the assumption that plasma DMO is similar to DMO in CSF. Because of the aforementioned sink action of the CSF (21., 27), plasma usually cannot be used as a reference fluid when calculating distribution of a substance in brain relative to extracellular fluid. Finally, whole brain was often analyzed for DMO without regard for possible regional differences in DMO distribution.
It has been shown that several substances administered via both the CSF and blood penetrate the brain only to a depth of less than 1 mm (21,14). Furthermore, there are regional differences in the brain distribution of ions (4, 14). Thus it may not be valid to measure DMO distribution in a section of cerebral hemisphere that the assumpt con ion tains both gray and white matter w that DMO is uniformly distributed ,ith in such tissue. In the present study, we analyzed only the outer 0.4 mm of cerebral cortex; this was based on previous studies showing equilibration of cortical CSF and brain to such a depth (21). In addition, separate determinations of pHi were made in white and gray matter (Tables 1 and 2) . agreement with those of the present study. been some question as to the validity of the DMO method for evaluating intracellular pH. Evidence has been presented suggesting that some DMO may be bound intracellularly (12, 33) . It has been shown that pHi of liver (12), but not skeletal muscle (24) , may vary somewhat when the amount of DMO administered is increased from trace amounts to about 25 mg/kg. However, there is no further change in pHi when DMO dosage is increased stepwise from 25 to 200 mg/kg (12). Thus while there may be intracellular binding of DMO in some tissues, the process apparently is saturable when DMO is given at dosages of 25 mg/kg or greater. In the present study, the calculated pHi values of cerebral cortex were the same whether DMO was given in trace amounts or in a dosage of 26 mg/kg. Furthermore, if there were significant intracellular binding of DMO, then movement of DMO into cells would not be pH dependent.
Data from the present study (Fig. 4 There are other theoretical problems associated with the use of DMO for measurement of pHi. Studies in which pHi was evaluated with pH-sensitive microelectrodes (in giant barnacle muscle) suggest that pHi is about 6.12, while pHi measured in the same cell system with DMO is 6.68 (6). Further studies suggest that there is not a uniform distribution of H+ ion throughout cells (6). Thus th e mean H+ ion concentration when calculated from the distribution of a weak acid may not be the same as the true mean intracellular H+ ion concentration.
However, the intracellular pOH can be calculated from the distribution of a weak acid (DMO), and the pH can be calculated from the pOH (1) . Thus the pHi when determined by the DMO method does provide a measure of the acid-base status of the whole cell, although it does not necessarily give an accurate determination of the true mean pHi (1) .
In both acute respiratory alkalosis and acidosis, brain pHi initially changed in the same direction as did the pH of CSF and blood. However, within a period of 3 h, brain buffering capacity was such that the cerebral cortex was able to compensate fully for variations in arterial PcoZ of 14-87 mmHg (arterial pH of 6.99-7.54) (Figs. l-3) . Such a range includes almost every conceivable acid-base disturbance which might be encountered in a wide variety of systemic disease states. Of course, many respiratory disorders will also be associated with hypoxia, and a combination of hypoxia plus hypercapnia may well lead to cerebral intracellular acidosis. capacity of the brain at PcoZ above 87 mmHg was incomplete.
In acute respiratory alkalosis, the compensatory mechanisms that reestablish a normal brain pHi appear to include: 1) a fall in brain ECS, which may be due in part to cerebral vasoconstriction;
2) generation of lactate by the brain, which results in a fall in brain bicarbonate.
During acute respiratory acidosis, by contrast, there is a gradual rise in brain bicarbonate concentration (Fig. 3) , such that brain pHi increases towards normal. Such a rise in bicarbonate concentration is not observed in skeletal muscle (Fig. 3) Ponten and Siesjo (30) found that within 30 data from the present study (Tables 1 and 2 ) and those of others (20) indicate that parenteral Diamox only minimally inhibits production of bicarbonate by brain. It has also been suggested that carbonic anhydrase may regulate acid-base balance in the CSF by active extrusion of H+ ion (35) . There may be a similar action of carbonic anhydrase in brain; in fact, after 1 (Tables  1 and 2 ), whereas Pcoz is usually higher in CSF (13, 15). There are several effects of Diamox which could account for the relatively low Pcoz in CSF. Diamox decreases the rate of CSF formation, has a constricting effect on the choroidal arteries, and impairs entry of CO, into the CSF (13, 19, 22) . All of these actions would tend to increase the time required for CO, in blood and CSF to reach a steady state, and such may well have been the case in the Diamox-treated animals. In respiratory alkalosis, there is a sequence similar to the sequence that occurs in respiratory acidosis. Brain pHi initially rises after 1 h, but after 2 h with arterial pH maintained at about 7.52, brain (cerebral cortex) pHi returns to normal (Fig. 1) . The return of brain pHi to normal is largely accomplished by a fall in brain bicarbonate concentration, which is associated with a rise of brain lactate (Fig. 2) . Most other investigators who have studied the brain under such conditions have noted a similar rise in brain lactate (10, 19) . The exact mecha-
